which allow on-line calibrations through a network. These details are described in the followings.
INTRODUCTION
Enormous energy consumption is accelerating the environment pollution. The global warming and the atmospheric air pollution due to CO2 and exhaust gases are typical phenomena. Under such circumstances, some countries specify wholesome working and living enyironments in a building and mandate the continuous environment monitoring. Along with the environment accessment, energy saving is highly requested to reduce the pollution. According to statistics in advanced countries, 40% of electric energy is consumed by air-conditioning. It follows therefore that localized control of an air conditioner depending on a thermal map is one of the most effective approaches to the energy saving. The thermal mapping requires distributed monitors which measure local temperature and relative humidity (RH).
With the above-mentioned applications in mind, a thermal environment monitor is developed which measures temperature and RH in an indoor space [l] . The design strategics are low-cost, high-accuracy, easy installation, and easy networking for distributed measurements. For easy networking, the hierarchical architecture is adopted and a smart' interface is designed based on IEEE1451. 11. ARCHITECTURE Figure 1 shows the hierarchical architecture of the distributed thermal environment monitor. The lowest level is the thermal monitor consisting of the sensors and the smart transducer interface module (STIM) defined in IEEE1451. Figure 2 shows a schematic diagram of the thermal environment monitor. It is composed of sensors and the STIM for signal conditioning and networking. For low-cost implementation, a NTC (negative temperature coefficient) thermistor is used for temperature measurement and connected to Channel 1 of the STIM. For relative humidity (RH) measurement, a capacitive sensor consisting of a polyimide film spin-coated on a silicon substrate is used because of its excellent durability, high linearity, and small temperature dependence [4] . This RH sensor is connected to Channel 2 of the STIM.
A . Smart Transducer Interface Module
The STIM consists of two blocks; signa1,cijnditioner and network interface. A main role of the signal conditioner is an analog-to-digital (AID) converion. As the simplest means of converting the resistance and capacitance of the two sensors into their digital equivalents, relaxation oscillators based on 555 timers are used. Their circuit diagrams are shown in Fig.  3 . Analog SPDT (single-pole, double-throw) switches are incorporated into each timer to alternately connect the sensors and the corresponding references to the timing network. The resistance and the capacitance of the senmrs are then determined by the ratio between the oscillation periods when the sensor and the reference are connected to the timing network. This strategy reduces the effect of uncertainties of timing resistors RI in Fig. 3 (a) and capacitor:; to minimum. The timing resistor is selected large enough to prevent the thermistor from self-heated.
For the network interface, a 16--bit one-chip microcomputer accommodating excellent communications facilities is used [SI. Meta Identification, Meta, Channel Identification, and Channel TEDSs in accordance with IEEE1451.2 Standard are stored in the builkin memories.
Besides these mandatory TEDSs, calibration TEDSs are provided for on-line calibration. The microcomputer also functions as the NCAP (Network Capable Application Processor). The on-line calibration and the operation as the NCAF' are described subsequently.
B. Calibration
Referring to Fig. 3(a) , the ratio y between. the oscillation periods T ( R~) and T(RJ is ideally given by where ~ ( R T ) and i(RJ are the oscillation periods when the thermistor and the reference resistor R, are alternately connected to the timing network, respectively, and R(T) is the thermistor resistance. R(T) is given by R ( T ) = R , e x p B ---,
where & is the resistance at a reference temperature To and B represents the temperature sensitikity. In fact, y deviates from the ideal value (1) due to response delays of the comparators inside the timer, and the error reaches 1.7% when y=O.5. According to the sensitivity analysis, the error less than 0.1% is required for the temperature measurement accurate to ?CO, 1°C over the range from -2OT to SOT. To meet this requirement, the error is approximated by a linear function of the measured ratio ym and thermistor resistance R(T) is derived by (I) in terms of the compensated ratio y given by The slope correction factor a and the offset b are determined a priori by replacing the thermistor with known resistors. Table 1 shows the data structure of CH1 Calibration TEDS. Data stored are also shown. The thermistor resistance R(TJ at temperature Ti is acquired through a network connected to the thermal environment monitor under calibration in a temperature-and RH-controlled chamber. Using these resistances, the microcomputer in the STIM calculates the B constant of the thermistor and stores it into the table.
Referring to Fig. 3(b) , the capacitance C(%RH) of the . . . . RH sensor is also measured by taking the ratio between the oscillation periods when the RH sensor and the reference capacitor C, are altemately connected to the timing network. The ratio deviates again from the ideal relation due to the response delays of the comparators, but the compensation is not taken into account because the capacitance change with RH is small and the ratio is close to 1. Using the measured capacitance, %RH is calculated by the relation (4) where S denotes the sensitivity and CO is the capacitance at 60'hRH. The capacitance of the RH sensor changes also with temperature because the permittivity of water depends on temperature. This dependence is compensated by a linear function of temperature:
.
where O/.RH(T.) is the RH at a reference temperature To and k is the temperature coefficient. Table 2 shows the data structure of CH2 Calibration TEDS. Data stored into the sensor parameter sub-block are all acquired by the on-line calibration.
The STIM under environment monitoring measures the resistance of the thermistor and the capacitance of the RH sensor with reference to R, and C,, respectively, calculates temperature and RH by (2) and (4) with reference to Calibration TEDSs, and stores the results into the functional addresses assigned by IEEE 1451.2 Standard. Upon request by clients, these data are sent to a server and displayed.
C. Networking
.. Figure 4 shows the detailed network architecture. The EMIT (Embedded Micro Internet Technology) is used to connect the STIM to Internet [6] . Of the EMIT functions required for networking, the line driver, network adapter, IiO interface for RS485 and the related softwares are accommodated into the one-chip microcomputer in the STIM. The gateway functions between Internet and RS485 are accommodated into a server. As the server a personal computer is used. Each environment monitor connected to a local bus is allotted a Device Unique Identifier (DVI) and is accessed by the server through RS232C-to-RS485 converter. This separation of the EMIT functions allows clients, which may be web page, database, or such high-level application softwares as Visual C++ and Java, to easily access the environment monitor using TCPilP protocols [7] [8].
6.2cm Figure 5 shows the STlM o'f the thermal environment monitor implemented on a printed-circuit (PC) board. The board is designed such that the monitor be housed in a wall-embedded type of an outlet box. A thermistor and a perforated metal package in which the RH sensor is mounted can be seen to the right. The one-chip microcomputer is attached together with network connectors to the other side of the board. The supply voltage is 3.3V. The power dissipation is maximum when the STlM is communicating with clients and is 40 mW.
The measurement accuracy of the prototype monitor has been evaluated by using a temperature-and RH-controlled indicator is i0.2"C. RH measurement accuracy Is +I%RH at 40%RH and degrades to +2%RH at 90%RH. Measured displayed on a web page through Internet. These results results are shown in Figs. 6 and 7, In each figure, the abscissa indicate that the prototype monitor has the temperature indicates the reading of the dew indicator and the ordinate the measurement accuracy of i0.l"C over the range from -2OT difference between readings of the prototype monitor and the to 50°C and the RH measurement accuracy of :t3%RH over dew indicator. The reading of the prototype monitor is the range from 1O%RH to 90%RH. These performances are quite satisfactory for environment monitoring and thermal mapping. Figure 8 shows a web page made by Java Applet to display the measured temperature and RH. The display confirms that the prototype monitor is networked successfully to Internet.
IV. CONCLUSIONS
A temperature and RH monitor was developed successfully for the thermal environment assessment. The STlM designed based on IEEE 1451.2 Standard has allowed the on-line calibration and global networking. The prototype monitors have demonstrated such distinct features as low-cost, high-accuracy, low power consumption, easy installation, and easy networking. Because of these features, the monitor developed here will he widely applied to global assessment of thermal environments as well as the thermal mapping of working spaces to save energy required for air-conditioning.
